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We present a parametrization for the Dark Energy Equation of State “EoS” which has a rich
structure. Our EoS has a transition at pivotal redshift zT between the present day value w0 to an
early time wi = wa +w0 ≡ w(z >> 0) and the steepness of this transition is given in terms of the q
parameter. The proposed parametrization is w = w0 +wa(z/zT )
q/(1 + (z/zT ))
q, with w0, wi, q and
zT constant parameters. This transition is motivated by scalar field dynamics such as for example
quintessence models. Our parametrization reduces to the widely used EoS w = w0 + wa(1− a) for
zT = q = 1. We study if a late time transition is favored by BAO measurements and Planck priors.
According to our results, an EoS with a present value of w0 = −0.91 and a high redshifts value
wi = −0.62, featuring a transition at a redshift of zT = 1.16 with an exponent q = 9.95 is a good fit
to the observational data. We found good agreement between the model and the data reported by
the different surveys. A “thawing‘” dynamics is preferred by the use of BAO data alone (including
Lymman-α forest measurements) and a “freezing” evolution of the EoS is preferred when we include
the priors from Planck. The constraints imposed by the available BAO measurements ([1–7]) and
its physical behavior are discussed.
I. Introduction
We are in a very particular epoch of the cosmic his-
tory where the expansion of the Universe is accel-
erated due to an unknown energy component com-
monly referred to as Dark Energy (DE). There is
strong evidence that supports an accelerated expan-
sion coming from observations of Type Ia super-
novae (SNIa) (Riess et al. 1998 [8] and Perlmu-
tter et al. 1999 [9]), cosmic microwave background
(CMB) (WMAP Collaboration [10], Planck Colla-
boration [11]), large scale structure (LSS) (Tegmark
et al. [12], Cole et al. 2005 [13]) and baryon acous-
tic oscillations ([1–4, 7, 14, 15]). According to the
observations our Universe is flat and dominated at
present time by this DE component.
Among the proposals, models to parametrize the DE
equation of state (EoS) as a function of redshift have
arisen in the literature ([16–29]). The most popular
among them is so called CPL parametrization, given
by w = w0 + wa(1 − a), widely used in many cos-
mological observational analysis. The value of the
equation of state of DE is restricted by observations
to be close to −1 (w = −1.019+0.075−0.080 according to
the 95% limits imposed by Planck data combined
with other astrophysical measurements [11]). Nev-
ertheless, the behavior and properties at different
cosmic epochs is much poorly constrained by cur-
rent observations. Therefore we are interested in
studying w at a late time and see if a transition
in the EoS takes place. The parametrization used
here is w = w0 + wa(z/zT )
q/(1 + (z/zT ))
q, with
w0, wa = wi − w0, q and zT for constant param-
eters. This EoS allows for a steep transition for a
large value of q and the pivotal point is zT with
w(zT ) = (w0 + wi)/2 giving the middle point of
the transition between w0 and the early time value
wi = w(z  1). This transition is motivated by
scalar field dynamics such as quintessence models
[30] and in [29] a new parametrization that encap-
sules the dynamics of DE was presented. However,
in this work we use simpler structure for the EoS
since we are interested in determining the late time
behavior of Dark Energy using BAO measurements
with Planck priors.
Perhaps the best physically motivated candidates for
Dark Energy are scalar fields with only gravitational
interaction [30–33] and special interest was devoted
to tracker fields [33], since in this case the behavior
of the scalar field φ is weakly dependent on the initial
conditions set at an early epoch, well before matter-
radiation equality. In this class of models a funda-
mental question is why DE is relevant now, know as
the coincidence problem, and this can be understood
by the insensitivity of the late time dynamics on the
initial conditions of φ. However, tracker fields may
not give the correct phenomenology since they have
a large value of w at present time. We are more inter-
ested at this stage to work from present day redshift
z = 0 to larger values of z, in the region where DE
is most relevant. Interesting models for DE and DM
have been proposed using gauge groups, similar to
QCD in particle physics, and have been studied to
understand the nature of Dark Energy [34–36] and
also Dark Matter [37, 38].
The scientific community is devoting a large amount
of time and resources to investigate the dynam-
ics and nature of Dark Energy, working on current
(SDSS-IV [39], DES [40]) and future (DESI [41], Eu-
clid [42], LSST [43]) experiments to study with very
high precision the expansion history of the Universe
and test interesting models beyond a cosmological
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2constant or Taylor expansions of the equation of
state of Dark Energy.
This article is organized as follows: we introduce
our basic cosmological framework in Section II, Sec-
tion III details the analysis performed, the results
obtained are in Section IV while Section V summa-
rizes our Conclusions.
II. Methodology
A. Cosmology
We assume the validity of General Relativity and
work within a flat Universe in a FRW metric. The
Friedman equation can thus be expressed in terms
of the redshift z as
H(z) = H0
√
Ωr(1 + z)4 + Ωm(1 + z)3 + ΩDEF (z)
(1)
where H ≡ (dadt )( 1a ) is the Hubble parameter, a =
(1 + z)−1 the scale factor of the Universe and H0 =
100 · h km · s−1Mpc−1 is the Hubble constant at
present time. We are using the standard definition
a0 = 1 and t to represent the cosmic time. The
present fractional densities of matter, radiation and
Dark Energy (DE) are given by Ωm, Ωr, ΩDE , re-
spectively. The function F (z) in equation 1 encodes
the evolution of the DE component in terms of its
equation of state (EoS), w(z),
F (z) ≡ ρde(z)
ρde(0)
(2)
F (z) = exp
(
−3
∫ z
0
dz′
1 + w(z′)
1 + z′
)
The EoS, w(z), introduced in equation 2 specifies the
evolution of our DE fluid and accordingly, the rate
of expansion of the Universe at late times, following
the dynamics set by Equation 1.
B. Dark Energy Equation of State
We are concerned with the study of DE only at
background level for this work and we model the
DE equation of state (EoS) with the following
parametrization:
wde(z) = w0 + (wi − w0)f(z)
= w0 + (wi − w0)
( zzT )
q
1 + ( zzT )
q
, (3)
f(z) ≡ (
z
zT
)q
1 + ( zzT )
q
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FIG. 1: Evolution of the EoS according to equation
3 for fixed values w0 = −0.9, w1 = −0.7, zT = 0.5.
The green and cyan curves correspond to EoS with
q < 1 and the remaining three curves represent a
EoS with q > 1.
where wi and w0 represent the value for w(z) at large
redshifts and at present day, respectively whereas
the function f(z) modulates the dynamics of this
parametrization in between both values, and takes
the values f(z = 0) = 0, f(z → ∞) = 1 and f(z =
zt) = 1/2, i.e. 0 ≤ f(z) ≤ 1.
One thing to be noted is that this EoS does not have
a constant slope within the two regimes: w(z =
0) → w0, w(z >> 0) → wi, but it makes a tran-
sition between them at a redshift z = zt, taking a
value of w(zt) =
w0+wi
2 . The parameter q modulates
the steepness of the transition featured, as shown in
Figure 1.
In particular, for q ≥ 1 we can see a direct connec-
tion between the value of q and the steepness of the
transition: the greater the value for q, the steeper
the transition we will have. For q < 1 we have a very
different behavior. As q → 0, w(z) performs an in-
creasingly rapid transition from w0 to ≈ (w0 +wi)/2
at z ≈ 0 and continues to evolve with a nearly con-
stant behavior regardless of the zt value, as seen in
Figure 1. This is obvious since limq→0
( zzT
)q
1+( zzT
)q = 1/2
and so limq→0 w(z) = (w0+wi)/2. The parametriza-
tion in equation 3 includes the usual CPL parame-
trization ([16, 17])
w(z)|q=1=zT = w0 + wa
z
1 + z
(4)
as a particular case when q = 1 and zt = 1 but it
allows for a richer physical behavior.
Clearly, taking w0 = wi = −1, the cosmological
constant solution is recovered.
3C. BAO as a cosmological probe
Considering that we want to test the dynamics of
Dark Energy we are interested in the expansion his-
tory of the Universe at late times when it is driven
by the DE component. Ever since its first detection
(Cole et al. 2005 [15], Eisenstein et al 2005, [14])
the Baryon Acoustic Oscillation (BAO) feature has
been widely used as a powerful probe for cosmology
becoming the standard rulers of choice just as Type
Ia supernovae (SNIa) were at the early part of the
21st century during the beginning of the so called
“distance revolution”.
The BAO feature has become the best way to probe
the late time dynamics of the Universe and in con-
sequence that of DE. It is the cosmological tool used
by several experiments like the SDSS-IV [39] and the
Dark Energy Survey (DES) [40] and the main probe
that will be used by future experiments like the
Dark Energy Spectroscopic Instrument (DESI) [41]
and Euclid [42]. Nevertheless a complete analysis
should rely on the data provided by the recombina-
tion era, since the CMB provides the most accurate
constraints on the cosmological parameters.
This standard ruler is set by a particular size in the
spatial distribution of matter which can be used to
constrain the parameters in equation 3. The corres-
ponding size, rBAO(z), is obtained by performing a
spherical average of the distribution of galaxies both
along and across the line of sight (Bassett and Hlozek
2010 [44])
rBAO(z) ≡ s(zd)
DV (z)
(5)
The comoving sound horizon at the baryon drag
epoch is represented by sd and the dilation scale,
DV (z), contains the information about the cosmolo-
gy used in H(z):
s(zd) ≡ c
H0
∫ ∞
zd
dz
H(z)
√
3(R(z) + 1)
, (6)
DV (z) ≡
[
z
H(z)
(∫ z
0
dz′
H(z′)
)2]1/3
(7)
While the sound horizon s(zd) ≡ sd depends upon
the physics prior to the recombination era, given
by zd ≈ 1059 [11] and the baryon to photon ra-
tio, R(z) ≡ 3Ωγ4Ωb , it is insensitive to the dynamics of
the Dark Energy, which started to act recently and
was highly subdominant at that epoch. DV (z) (7),
on the other hand is sensitive to the physics of much
lower redshifts, particularly to those censed by Large
Scale Structure experiments. Such galaxy surveys
often measure the distance ratio rBAO(z) as given by
equation 5. However, it is also common to found the
inverse ratio reported or measurements of the ratios
DA(z)/sd and DH(z)/sd where DA(z) is the angular
diameter distance (8) and DH(z) ≡ c/H(z).
Many experiments ([1], [4], [3], [2], [5], [6]) have mea-
sured this characteristic rule with increasing preci-
sion, providing a robust way to test the dynamics
of DE through the study of the Large Scale Struc-
ture of the Universe. Upcoming experiments like
DESI (Dark Energy Spectroscopic Instrument [41])
will probe the effects of dark energy on the expan-
sion history using the BAO signature.
DA(z) =
1
1 + z
∫ z
0
dz′
H(z′)
(8)
III. Analysis
In agreement with the considerations detailed above
this analysis will use the available BAO distance
data which lies in the range z ∈ [0, 2.36] combined
with the priors given by the CMB as reported by
the Planck Collaboration ( P. A. R. Ade et al. 2015,
[11]).
In order to work with the reported measurements of
the BAO signature we used the χ2 function defined
in terms of some observational data points, Di, the
related theoretical prediction, y(xi|~θ) and the asso-
ciated observational errors, σi.
χ2 ≡
∑
i
[
Di − y(xi|~θ)
]2( 1
σi
)2
(9)
By minimizing this function, the best fit values
for the parameters, ~θ, in the theoretical model are
found. Associated to the value of the χ2 function
it is possible to define confidence regions in the pa-
rameter space to represent the standard 1σ, 2σ con-
tours.
A. Observational data and numerical
minimization
We make use of the observational points from the
six-degree-field galaxy survey (6dFGS [1]), Sloan
Digital Sky Survey Data Release 7 and 11 (SDSS
DR7 [2] and SDSS DR11 [3]), the WiggleZ dark en-
ergy survey ([4]) and the Lymann α Forest (Lyα-F)
measurements from the Baryon Oscillation Spectro-
scopic Data Release 11 (BOSS DR11 [5], [6]) as an-
alyzed and reported by Gong et al 2015 [7]. Table I
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(a) DE EoS behavior according to the best fit values
reported in Tables IV, V and VI, respectively, from top
to bottom.
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(b) Plots showing the fit of the rBAO and DV (z) curves
corresponding to the best fit values obtained in every
run to the respective set of data points.
FIG. 2: The curves are color coded depending on the boundaries taken during the minimization. The
intervals labeled as “BAOΩm”, “BAOfree”, “BAO + Planck”, “BAO + PlanckΩm ” and “BAO + Planck
1σ” are represented by the dot-dashed (red), dashed (black), dotted (blue), solid (cyan) and long-dashed
(green) curves, respectively. The magenta curve in the panels of column (b) represents ΛCDM.
summarizes them all. The associated DV (z) values
are included in Table II.
Additionally to the free parameters in the equa-
tion 3 we also investigated the constraints on Ωm
and H0 (or equivalently h), resulting in the set ~θ =
{w0, wi, zt, q,Ωm, h}.
The latest results from the Planck Collaboration (
P. A. R. Ade et al. 2015, [11]) were used to fix the
fiducial cosmological parameters. In particular, we
5Data set Redshift rBAO(z)
6dF 0.106 [1] 0.336 ± 0.015
SDSS DR7 0.15 [2] 0.2239 ± 0.0084
WiggleZ
0.44 [4] 0.0870 ± 0.0042
0.60 [4] 0.0672 ± 0.0031
0.73 [4] 0.0593 ± 0.0020
SDSS-III DR11
0.32 [3] 0.1181 ± 0.0023
0.57 [3] 0.0726 ± 0.0007
2.34 [6] 0.0320 ± 0.0013
2.36 [5] 0.0329 ± 0.0009
TABLE I: rBAO(z) measurements as reported by
[7]: the values for SDSS data were inverted from
the published values of DV (Z)/sd and the values
corresponding to the Lyα-F data were obtained
from the reported quantities DA(z)/sd and
DH(z)/sd.
chose the results when the full CMB polarization was
used (without adding lensing data). This is, we are
using the Planck (TT + TE + EE + low P) values
from the table 4 of [11].
The minimization of the χ2 function was done within
the boundaries indicated in Table III and using the
observational data from Tables I and II. The soft-
ware Mathematica 10.1 was used to perform the con-
strained minimization numerically.
The fiducial values for Ωm and h are denoted by
Ωm = 0.3156 and h = 0.6727, respectively, cor-
responding to the central values as reported by
[11].
We considered five different priors; for each one of
the three different data sets (rBAO(z) including Lyα-
F measurements, rBAO(z) without Lyα-F measure-
ments and DV (z) data) we varied the free parame-
ters of the EoS within the limits summarized in Ta-
ble III using different intervals for Ωm and h:
1. “BAO+Planck” corresponds to fix Ωm = Ωm
and h = h to the central values from Planck.
2. “BAO + PlanckΩm” corresponds to fix h =
h but let Ωm to vary within ±1σ limits from
Planck.
3. “BAO + Planck1σ” was for the case both Ωm
and h varying within their ±1σ Planck error
intervals.
4. “BAOΩm” corresponds to fix h = h and let Ωm
to vary between [0, 1]
5. “BAOfree” stands for the case when Ωm was
left to vary in [0, 1] and h in [0.5, 1].
In order to asses the goodness of the performed fit
we use of the so called reduced chi-square function,
χ2red ≡ χ2/ν, where ν represents the number of de-
grees of freedom, defined to be the difference be-
tween the number of observational points, N, and
Data set Redshift DV (z)(Mpc)
6dF 0.1 [1] 457 ± 27
SDSS DR7 0.15 [2] 664 ± 25
WiggleZ
0.44 [4] 1716 ± 83
0.60 [4] 2221 ± 101
0.73 [4] 2516 ± 68
SDSS-III DR11
0.32 [3] 1264 ± 25
0.57 [3] 2056 ± 20
TABLE II: DV (z) measurements as reported by
every experiment.
Parameter Interval 1 Interval 2
w0 [−2, 0] [−2, 0]
wi [−2, 0] [−2, 0]
zT [0.01, 3] [0.01, 3]
q [0.1, 10] [0.1, 10]
Ωm [0, 1] [0.3065, 0.3247]
h [0.5, 1] [0.6661, 0.6793]
TABLE III: Boundaries for the parameters
constrained. The second and third column differ
from one another by the boundaries imposed to Ωm
and h. The later uses the ±1σ values
corresponding to the full CMB data (TT, TE, EE
+ lowP without lensing) as reported by the Planck
collaboration (Table 4 of [11]).
the parameters fitted, M, i. e., ν ≡ N −M . The
results obtained for each set of runs are displayed in
Tables IV-VI where the best fit for the constrained
parameters and the value for the chi-squared func-
tion are reported.
Tables IV-VI also include the corresponding χ2 value
for ΛCDM, when Ωm and h were kept fixed to their
fiducial values and the parameters of the EoS were
reported in the form {w0 = −1, wi = −1, q = 1, zt =
1} to represent w = −1.
Additionally to the numerical minimization, a di-
rect comparison of our results and the fiducial model
(ΛCDM with the central values for Ωm and h from
Planck) was made. In order to do so we computed
the ratio of the functions rBAO and DV (z) when
assuming each one of the best fit models resulting
from the minimization to the corresponding value
when the fiducial model (ΛCDM) is assumed. We
report the results from that analysis in Figure 3.
The curves were plotted on top of the observational
data with the associated relative error of the mea-
surements. The gray bands were estimated by ana-
lyzing the change on the fiducial function when the
cosmological parameters were changed by 1σ, twice
and three times that quantity from their central val-
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FIG. 3: Comparison of both the best fit models to the fiducial one and the measurements reported by the
experiments when assuming ΛCDM. The curves are color coded depending on the boundaries taken during
the minimization. The intervals labeled as “BAOΩm”, “BAOfree”, “BAO + Planck”, “BAO + PlanckΩm”
and “BAO + Planck 1σ” are represented by the red, black, blue, cyan and green curves, respectively, and
the gray bands represent the 1σ, 2σ, 3σ regions estimated as explained in the text.
ues.
IV. Results
Table IV shows the results when we use rBAO(z)
with Lyα-F data (hereafter referred to as “rBAO 9”
indicating the nine data points in that set) . When
we exclude the Lyα-F data points (“rBAO 7”), the
corresponding best fit values are those listed in Table
V and finally, when we we used the measurements
for DV (z), the results are those reported in Table
VI. The corresponding EoS curves are in Figure 2a
and the ratio plots are shown in Figure 3.
From Table IV we see that the χ2 value obtained for
the parametrization 3 with the five different priors
used is much smaller that the one in the  LCDM case
and the χ2red value is smaller than unity for all the re-
sults presented. The value for w0 when we combined
BAO and Planck data, lies very close to −1 and the
values for the transition redshift obtained were large
(zT > 1.16). The models follow a dynamic of the
type called “freezing” ([45], [46], [47], [48]) given the
central values for wi > −1 (although the ±1σ error
limits allow for wi ∈[-2, 0] for the model “BAO +
PlanckΩm”). When only the BAO data was used,
w0 = −1 is excluded with 1σ of statistical signifi-
cance, we got a central value for wi > −1 implying
a dynamics of the type calle “thawing” ([45], [46],
[47], [48]), the transition redshift value is smaller
(zT ≥ 0.37) and the fractional matter density pre-
ferred is larger than Ωm. The scenario q = zT = 1
is allowed by the 1σ limits for two models (“BAO +
Planck” and “BAO + Planck 1σ”). The value for
χ2 increases with tighter constraints used in every
prior, as to be expected.
From Table V we see that parametrization 3 gets a
much smaller value of the χ2 function than that of
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FIG. 4: Contour plots for the “BAO+Planck 1σ” runs displaying the 1σ-2σ confidence levels for the
parameters w0-q and w0-zT . The χ
2 contours around the minimum value for the q-zT space are also shown.
ΛCDM, but the χ2red value is not smaller than unity
for all the models. The value w0 = −1 is excluded
at 1σ of statistical significance for all but one model
(“BAO + Planck ”). We do not find a clear separa-
tion of behaviors (freezing vs thawing) in the models,
and we interpret this as a result of the much limited
range of available data (0.106 ≥ z ≤ 0.73); the cen-
tral value for the parameter wi is wi < −1 in all the
models. The scenario q = zT = 1 is excluded with
1σ of statistical significance in all but two models:
“BAOΩm” and “BAO+PlanckΩm”.
One thing in common for these two tables is that,
the larger the value for Ωm, the smaller the value for
w0 and the smaller the value for zT .
The models summarized in Table VI have a χ2
smaller than that for ΛCDM although the difference
is not as big as in the other two tables. We find an
inverse behavior in the relationship Ωm−w0 than in
the previous results: for this models, the smaller the
value for Ωm, the smaller the value for w0. Again,
no clear distinction between “freezing” and “thaw-
ing” dynamics was found and the w0 = −1 case is
8included at 1σ only for the models “BAO+Planck”
and “BAO+PlanckΩm”. The case when q = zT = 1
is excluded by all the models except for the “BAO
+ Planck” one.
In the set of results summarized in Tables IV-VI, we
find that while the value for w0 was fairly restricted,
the data seems not to be very sensitive to the rest
of the free parameters, in particular to the values
for wi and zT within the tested range of those two
parameters (Table III).
In Figure 4 we show the 1σ-2σ confidence regions
for the w0-zT and w0-q spaces when the rest of the
parameters were fixed to their best fit values assum-
ing the models labeled as “BAO + Planck 1σ”. The
plots for q-zT represent the contours of χ
2 around
the minimum when the rest of parameters were fixed
to their best fit values.
We understand this insensitivity to the value of the
steepness of the transition as due to the short num-
ber of data points, which are not enough to fix the
slope of the transition while the transition redshift
cannot be too precisely fixed due to the limitation in
the range of the measurements (z ≤ 2.36). With the
increase in the number and range of future measure-
ments, better constraints will be obtained.
From Figure 2b we can see that all of our fits
lie within the observational errors of the data
points.
In figure 3 we compared the obtained models to the
corresponding ΛCDM model when only the informa-
tion of the full CMB was taken into account (taking
the fiducial model to be ΛCDM with Planck + TT+
TE+ EE+low P [11]). The observational data points
were also divided by the corresponding ΛCDM pre-
diction and the error bars were constructed taking
the relative error of each measurement. When the
data sets of rBAO(z) were used (Figures (a) and (b)
of 3), neither the curves of the best fit models nor the
ΛCDM prediction agreed with the z = 0.32 measure-
ment ([3]). The curves shown in the second panel of
Figure 3 are contained within the observational error
of the data points (except of the z = 0.32 measure-
ment, as already discussed). The “BAOfree” curve
agrees only with z = 0.106, z = 0.44 and z = 0.73
data points.
When the DV (z) data points were used instead, all
the curves were contained within the observational
data error bars, except for the point corresponding
to the z = 0.15 ([2]), which is only in agreement with
the “BAOM” curve. However, the results derived
from this figure depend on the fiducial model chosen
(Planck TT+TE+EE + lowP data from [11]).
To make a further analysis of the agreement between
our parametrization and the ΛCDM model, we plot-
ted the confidence curves around their minimum for
both models. Those results are included in Figure 5.
Generally speaking, when we restricted the values of
Ωm and h to be within the boundaries of Planck, we
see that the two set of contours are very compati-
ble, which is not quite the case when we remove the
boundaries and let Ωm and h to vary freely.
In Figure 6 we analyzed explicitly the difference be-
tween adding or not the information of the CMB
through the boundaries (±1σ) from Planck. We note
that without the inclusion of Planck boundaries, the
data prefers a higher Ωm value and lower h. In figure
7 we show the contours obtained by using different
data sets both when including the Planck bound-
aries and letting Ωm and h to vary freely. We can
see that the data sets are complementary in the sense
that, adding the Lyα-F points reduces the contours
around the minimum, meaning that the constraints
are tighter and the DV (z) contours are also included
by the rBAO(z) curves.
The analysis of the perturbative regime for different
DE models is a promising way for a better under-
standing of the cause of acceleration in the cosmic
expansion. We will study the DE perturbations for
the parametrization here introduced and its effect on
the growth of structure in a next paper [49].
Constant equation of state or CPL
parametrization
The resulting constraints for an equation of state
assumed to be either a constant, w, or given by the
CPL parametrization, w(a) = w0 +(w0−wi)(1−a),
([16], [17]) are displayed in Tables VII-IX. The value
of both h and Ωm were kept fixed to the central
values of Planck (table 4 of [11]).
For simplicity, in Tables VII-IX we denoted by w0
both the value of the equation of state when it was
assumed to be constant and also the present value
of w(z) when the CPL parametrization (equation 4)
was used.
We can see that our parametrization is a better fit to
the three sets of observational data than a constant
equation of state or a CPL parametrization since
the value for χ2 is bigger for the latter than for the
model introduced in 3.
V. Conclusions
We presented a parametrization for the equation
of state of the Dark Energy and found the con-
straints deduced by using the BAO measurements
contained in Tables I (rBAO(z) ) and II (DV (z)).
The parametrization introduced (3) includes the
widely used CPL parameterization ([16, 17]) as a
particular case when zt = q = 1, but it allows
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Alias χ2 χ2red ν=9-M w0 wi q zT Ωm h
ΛCDMFid 7.29 0.81 9 -1 -1 1 1 Ωm h
BAOΩm 2.44 0.61 4 -0.88
+0.11
−0.12 -1.82(≤-0.79) 7.77(≥1.60) 0.50(≥0.35) 0.4173 h
BAOfree 2.35 0.78 3 −0.65+0.11−0.14 -2.0(≤-1.52) 4.87(≥1.55) 0.37+0.09−0.08 0.4934 0.64
BAO+Planck 3.10 0.62 5 −0.95+0.12−0.07 -0.51(≤0.0) 9.21(≥0.42) 1.38 (≥0.34) Ωm h
BAO + PlanckΩm 2.94 0.74 4 −0.95+0.10−0.07 0(≥-2.0) 2.94(≥0.9) 1.92(≥0.86) 0.3171 h
BAO+Planck 1σ 2.85 0.95 3 −0.91+0.06−0.08 -0.62(≤0.0) 9.95(≥0.56) 1.16(≥0.36) 0.3247 0.67
TABLE IV: Best Fit Values for the fitted parameters when we used data points of rBAO including Lyα-F
measurements. χ2 represents the minimum value for the chi-squared function, χ2red = χ
2/ν is the reduced
chi-squared function where ν stands for the free degrees of freedom and M is the number of parameters to
be constrained. The free parameters of the proposed EoS, w0, wi, q, zt, are reported with their respective
1σ error limits. Ωm and h represent the central value for Ωm and h, respectively.
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Alias χ2 χ2red ν=7-M w0 wi q zT Ωm h
ΛCDMFid 7.29 1.04 7 -1 -1 1 1 Ωm h
BAOΩm 2.53 1.26 2 −0.88+0.06−0.10 −1.16+0.40−0.81 4.62(≥0.24) 0.44(≥ 0.19) 0.3664 h
BAOfree 2.21 2.21 1 −0.24+0.12−0.07 -1.80(≤-1.59) 2.48(≥1.57) 0.24+0.05−0.02 0.6408 0.58
BAO + Planck 2.73 0.91 3 −0.91+0.08−0.09 -2.0(≤0.0) 7.16(≥2.3) 0.69(≥0.47) Ωm h
BAO + PlanckΩm 2.73 1.36 2 −0.89+0.06−0.08 -1.36(≤-0.49) 2.77(≥1.0) 0.67(≥ 0.37) 0.3247 h
BAO + Planck 1σ 2.71 2.71 1 −0.89+0.03−0.06 -1.28(≤-0.56) 4.65(≥1.34) 0.64(≥ 0.38) 0.3245 0.67
TABLE V: Best Fit Values for the fitted parameters when the rBAO(z) data points were used but without
Lyα-F measurements.
for a richer physical behavior. In particular, this
parametrization represents a fluid which performs a
transition from a high redshift value wi to its present
value w0 at a given epoch, denoted by zt and mod-
ulated by the value of the exponent q.
As we have already mentioned, our main interested
lied in studying the low redshift regime where the
DE component starts to dominate the expansion of
the Universe and so we chose the BAO distance mea-
surements. Given the importance of this regime,
a large amount of incoming measurements using
galaxy redshift surveys will be available in the fu-
ture ([39–43]).
By looking at the values for the χ2 function reported
in the three tables summarizing our results and from
Figure 2b as well, we conclude that our parametriza-
tion is a good fit to the observational data and the
fitting is better that using a constant EoS, w, a
cosmological constant, Λ, or the CPL parametriza-
tion.
The values for the reduced chi-squared function,
χ2red, are smaller than unity for the “rBAO9” results,
in which case we see that the number of additional
free parameters introduced is compensated with the
number of data points available.
In particular, when the “rBAO9” set of measure-
ments was used along with Planck priors (outcome
labeled as “BAO+ Planck 1σ” in Table IV) we found
that an EoS with w0 = −0.91, wi = −0.62 with a
steep transition (q= 9.95) at zT = 1.16 was the best
fit to the data (χ2=2.85 and χ2red=0.95).
When we use either the “rBAO7” set or the “DV (z)”
points, the fit is still better than assuming ΛCDM,
a constant EoS or the CPL parametrization (see ta-
bles IV-VI and VII-IX), but the extra free param-
eters are not compensated by the number of data
points.
The scenario q = zT = 1 was included with 1σ of
statistical significance in the following models: the
“BAO + Planck” and “BAO + Planck 1σ” from
Table IV, “BAOΩm” and “BAO + PlanckΩm” from
Table V and “BAO + Planck” from Table VI.
We found smaller confidence contours, i.e., tighter
constraints, for the parametrization 3 (labeled as
“wq” for brevity) than when we assumed ΛCDM in
the h−Ωm space, as can be seen in figures 5. The use
of BAO data alone prefers a higher Ωm and lower h
value, as shown in Figure 6, when compared to the
priors from Planck.
To summarize, the study of dynamics of Dark En-
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Alias χ2 χ2red ν=7-M w0 wi q zT Ωm h
ΛCDMFid 2.62 0.37 7 -1 -1 1 1 Ωm h
BAOΩm 1.95 0.97 2 −0.49+0.03−0.11 -1.56(≤-1.2) 3.74+2.36−1.74 0.56+0.10−0.11 0.2084 h
BAOfree 1.62 1.62 1 −0.44+0.03−0.04 −0.94+0.13−0.14 5.25(≥2.1) 0.37+0.07−0.04 0.1624 0.69
BAO+Planck 2.57 0.85 3 −0.96+0.09−0.10 −1.23+0.60−0.64 9.35(≥0.3) 0.41(≥0.20) Ωm h
BAO + PlanckΩm 2.55 1.27 2 −0.94± 0.07 -1.99(≤-0.63) 9.91 (≥3.2) 0.51(≥0.44) 0.3133 h
BAO+Planck 1σ 2.43 2.43 1 −0.87+0.07−0.05 −1.10+0.17−0.12 4.94 (≥0.3) 0.27+0.26−0.08 0.3122 0.67
TABLE VI: Best Fit Values for the fitted parameters when the DV (z) data were used.
Alias χ2 χ2red ν=9-M w0 wi
w constant 3.61 0.45 8 -0.92 -
CPL 3.29 0.47 7 -0.98 -0.59
TABLE VII: Results from the minimization when
the EoS is assumed to be either a constant or given
by the CPL parametrization using the 9 points of
Table I. χ2 represents the minimum of the
chi-squared function, χ2red = χ
2/ν the reduced
value and w0, wi the parameters of the EoS for the
DE.
Alias χ2 χ2red ν=7-M w0 wi
w constant 2.89 0.48 6 -0.93 -
CPL 2.87 0.57 5 -0.96 -0.70
TABLE VIII: Results for the 7 points of Table I
that exclude Lyα-F measurements when the EoS
was assumed to be either a constant, w, or given by
the CPL parametrization.
ergy is a matter of profounds implications for our
understanding of the Universe and its physical laws.
Although the measurements from CMB polarization
are the most precise data sets in Cosmology, the best
way to analyze the properties of DE comes from the
low redshift regime, where the BAO feature is the
most robust cosmic ruler. In this work we have con-
tributed towards that direction, and we have pre-
sented the constraints for a dynamical DE model
Alias χ2 χ2red ν=7-M w0 wi
w constant 2.62 0.43 6 -1.00 -
CPL 2.63 0.52 5 -1.09 -0.97
TABLE IX: Results from the numerical
minimization when the DV (z) measurements
(Table II) were used and the EoS was assumed to
be either a constant, w, or given by the CPL
parametrization.
coming from the analysis of BAO distance measure-
ments in the low redshift regime with and without
Planck priors.
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Appendix
Growth of matter perturbations with
background Dark Energy
For the perturbative analysis with background Dark
Energy we solved numerically the following differen-
tial equation:
a2δ′′m + a
3
2
(1− w(a)ΩDE(a)) δ′m −
3
2
Ωm(a)δm = 0
(10)
where δm(a) represents the matter density contrast
and w(a) is the parametrization for DE introduced
in 3 written in terms of the scale factor. We are tak-
ing zero perturbations for the DE component, i.e.,
δDE = 0. The initial conditions were δm,ini = 10
−4
and δ′m,ini =
δm,ini
aini
at aini = 10
−3, when the mat-
ter component dominates and for a corresponding
wavenumber of k ≈ 4× 10−3.
For the models chosen, we have set the value
for Ωm(a0) = 0.3156 ≡ Ωm, as reported by
Planck.
In column (a) of Figure 8 we display the growth
function normalize to its initial value, D+(a) ≡
δm(a)
δm(aini)
. We took a cosmological constant and the
parametrization 3 for w(a) in 10, in particular, we
used the best models reported as “BAO + Planck”
and “BAO + Planck 1σ” in tables IV, V, and
VI.
The bottom panel of every plot shows the relative
difference from each model to ΛCDM, ∆D+(z) ≡
(D+(z)−D+,Λ(z))/D+,Λ(z), where D+,Λ(z) corres-
ponds to the growth function when assuming a cos-
mological constant. From ∆+ we can see differences
of at most 5% (for the “rBAO7” data set).
In the right column of Figure 8 we show the growth
index, γ(a) = f(a)Ωm(a) , where we assumed the well
known ansatz f(a) = Ωγm and we compare the evo-
lution of γ(a) to its behavior when a cosmological
constant is assumed.
This results show us that, even when considered only
at a background level, the presence of DE modi-
fies the evolution of the matter perturbations and
a deeper analysis will be subject of a next paper
[49].
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FIG. 5: Figures (a) and (b) show the contours corresponding to rBAO(z) including Lyα-F measurements,
(c) and (d) corresponds to rBAO(z) without Lyα-F and (e) and (f) to DV (z) data. In blue we portrait the
contours corresponding to the best fit models and the LCDM contours are shown in red. The left column
shows the “BAOfree” results and the right one shows the “BAO + Planck 1σ” outcomes.
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FIG. 6: “BAO” contours in blue and “BAO+Planck” in green.
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FIG. 7: Comparison of the different data sets: rBAO(z) with or without Lyα-F measurements and DV (z)
measurements.
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FIG. 8: Growth of matter perturbations when assuming background Dark Energy with a state equation
given by a cosmological constant or the results labeled “BAO + Planck” and “BAO + Planck 1σ” as
reported in Tables IV, V and VI, respectively.
15
[1] F. Beutler, C. Blake, M. Colless, D. H. Jones,
L. Staveley-Smith, L. Campbell, Q. Parker,
W. Saunders, and F. Watson, “The 6dF Galaxy Sur-
vey: baryon acoustic oscillations and the local Hub-
ble constant,” MNRAS, vol. 416, pp. 3017–3032,
Oct. 2011.
[2] A. J. Ross, L. Samushia, C. Howlett, W. J. Perci-
val, A. Burden, and M. Manera, “The clustering of
the SDSS DR7 main Galaxy sample – I. A 4 per
cent distance measure at z = 0.15,” Mon. Not. Roy.
Astron. Soc., vol. 449, no. 1, pp. 835–847, 2015.
[3] L. Anderson et al., “The clustering of galaxies in
the SDSS-III Baryon Oscillation Spectroscopic Sur-
vey: measuring DA and H at z = 0.57 from the
baryon acoustic peak in the Data Release 9 spec-
troscopic Galaxy sample,” Mon. Not. Roy. Astron.
Soc., vol. 439, no. 1, pp. 83–101, 2014.
[4] E. A. Kazin et al., “The WiggleZ Dark Energy
Survey: improved distance measurements to z =
1 with reconstruction of the baryonic acoustic fea-
ture,” Mon. Not. Roy. Astron. Soc., vol. 441, no. 4,
pp. 3524–3542, 2014.
[5] A. Font-Ribera et al., “Quasar-Lyman α Forest
Cross-Correlation from BOSS DR11 : Baryon
Acoustic Oscillations,” JCAP, vol. 1405, p. 027,
2014.
[6] T. Delubac et al., “Baryon acoustic oscillations in
the Lyman α Forest of BOSS DR11 quasars,” As-
tron. Astrophys., vol. 574, p. A59, 2015.
[7] Y. Gong, Y.-Z. Ma, S.-N. Zhang, and X. Chen,
“Consistency test on the cosmic evolution,” Phys.
Rev., vol. D92, no. 6, p. 063523, 2015.
[8] A. G. Riess et al., “Observational evidence from su-
pernovae for an accelerating universe and a cosmo-
logical constant,” Astron. J., vol. 116, pp. 1009–
1038, 1998.
[9] S. Perlmutter et al., “Measurements of Omega and
Lambda from 42 high redshift supernovae,” Astro-
phys. J., vol. 517, pp. 565–586, 1999.
[10] C. L. Bennett et al., “Nine-Year Wilkinson Mi-
crowave Anisotropy Probe (WMAP) Observations:
Final Maps and Results,” Astrophys. J. Suppl.,
vol. 208, p. 20, 2013.
[11] P. A. R. Ade et al., “Planck 2015 results. XIII. Cos-
mological parameters,” 2015.
[12] M. Tegmark et al., “Cosmological parameters from
SDSS and WMAP,” Phys. Rev., vol. D69, p. 103501,
2004.
[13] S. Cole et al., “The 2dF Galaxy Redshift Survey:
Power-spectrum analysis of the final dataset and
cosmological implications,” Mon. Not. Roy. Astron.
Soc., vol. 362, pp. 505–534, 2005.
[14] D. J. Eisenstein et al., “Detection of the baryon
acoustic peak in the large-scale correlation func-
tion of SDSS luminous red galaxies,” Astrophys. J.,
vol. 633, pp. 560–574, 2005.
[15] M. Colless et al., “The 2dF Galaxy Redshift Survey:
Final data release,” 2003.
[16] M. Chevallier and D. Polarski, “Accelerating uni-
verses with scaling dark matter,” Int. J. Mod. Phys.,
vol. D10, pp. 213–224, 2001.
[17] E. V. Linder, “Exploring the expansion history of
the universe,” Phys. Rev. Lett., vol. 90, p. 091301,
2003.
[18] M. Doran and G. Robbers, “Early dark energy cos-
mologies,” JCAP, vol. 0606, p. 026, 2006.
[19] E. V. Linder, “Dark Energy in the Dark Ages,” As-
tropart. Phys., vol. 26, pp. 16–21, 2006.
[20] D. Rubin et al., “Looking Beyond Lambda with
the Union Supernova Compilation,” Astrophys. J.,
vol. 695, pp. 391–403, 2009.
[21] J. Sollerman, E. Mo¨rtsell, T. M. Davis,
M. Blomqvist, B. Bassett, A. C. Becker, D. Cinabro,
A. V. Filippenko, R. J. Foley, J. Frieman, P. Gar-
navich, H. Lampeitl, J. Marriner, R. Miquel, R. C.
Nichol, M. W. Richmond, M. Sako, D. P. Schneider,
M. Smith, J. T. Vanderplas, and J. C. Wheeler,
“First-Year Sloan Digital Sky Survey-II (SDSS-II)
Supernova Results: Constraints on Nonstandard
Cosmological Models,” Astrophys. J., vol. 703,
pp. 1374–1385, Oct. 2009.
[22] M. J. Mortonson, W. Hu, and D. Huterer, “Testable
dark energy predictions from current data,” Phys.
Rev. D, vol. 81, p. 063007, Mar. 2010.
[23] S. Hannestad and E. Mortsell, “Cosmological con-
straints on the dark energy equation of state and its
evolution,” JCAP, vol. 0409, p. 001, 2004.
[24] H. K. Jassal, J. S. Bagla, and T. Padmanabhan,
“WMAP constraints on low redshift evolution of
dark energy,” Mon. Not. Roy. Astron. Soc., vol. 356,
pp. L11–L16, 2005.
[25] J.-Z. Ma and X. Zhang, “Probing the dynamics
of dark energy with novel parametrizations,” Phys.
Lett., vol. B699, pp. 233–238, 2011.
[26] D. Huterer and M. S. Turner, “Probing the dark en-
ergy: Methods and strategies,” Phys. Rev., vol. D64,
p. 123527, 2001.
[27] J. Weller and A. Albrecht, “Future supernovae ob-
servations as a probe of dark energy,” Phys. Rev.,
vol. D65, p. 103512, 2002.
[28] Z. Huang, J. R. Bond, and L. Kofman, “Parameter-
izing and Measuring Dark Energy Trajectories from
Late-Inflatons,” Astrophys. J., vol. 726, p. 64, 2011.
[29] A. de la Macorra, “Dark Energy Parametrization
motivated by Scalar Field Dynamics,” 2015.
[30] A. de la Macorra and G. Piccinelli, “General
scalar fields as quintessence,” Phys. Rev., vol. D61,
p. 123503, 2000.
[31] B. Ratra and P. J. E. Peebles, “Cosmological Con-
sequences of a Rolling Homogeneous Scalar Field,”
Phys. Rev., vol. D37, p. 3406, 1988.
[32] C. Wetterich, “The Cosmon model for an asymptot-
ically vanishing time dependent cosmological ’con-
stant’,” Astron. Astrophys., vol. 301, pp. 321–328,
1995.
[33] P. J. Steinhardt, L. Wang, and I. Zlatev, “Cosmo-
logical tracking solutions,” Phys. Rev. D, vol. 59,
p. 123504, May 1999.
16
[34] A. de la Macorra, “A Realistic particle physics dark
energy model,” Phys. Rev., vol. D72, p. 043508,
2005.
[35] A. De la Macorra, “Quintessence unification models
from nonAbelian gauge dynamics,” JHEP, vol. 01,
p. 033, 2003.
[36] A. de la Macorra and C. Stephan-Otto, “Natural
quintessence with gauge coupling unification,” Phys.
Rev. Lett., vol. 87, p. 271301, 2001.
[37] A. de la Macorra, “BDM dark matter: CDM with
a core profile and a free streaming scale,” Astropar-
ticle Physics, vol. 33, pp. 195–200, Apr. 2010.
[38] A. de la Macorra, “Dark group: dark energy and
dark matter,” Phys. Lett., vol. B585, pp. 17–23,
2004.
[39] K. S. Dawson et al., “The SDSS-IV extended
Baryon Oscillation Spectroscopic Survey: Overview
and Early Data,” Astron. J., vol. 151, p. 44, 2016.
[40] T. Abbott et al., “The dark energy survey,” 2005.
[41] M. Levi et al., “The DESI Experiment, a whitepaper
for Snowmass 2013,” 2013.
[42] R. Laureijs, J. Amiaux, S. Arduini, J. . Augue`res,
J. Brinchmann, R. Cole, M. Cropper, C. Dabin,
L. Duvet, A. Ealet, and et al., “Euclid Definition
Study Report,” ArXiv e-prints, Oct. 2011.
[43] LSST Science Collaboration, P. A. Abell, J. Alli-
son, S. F. Anderson, J. R. Andrew, J. R. P. Angel,
L. Armus, D. Arnett, S. J. Asztalos, T. S. Axelrod,
and et al., “LSST Science Book, Version 2.0,” ArXiv
e-prints, Dec. 2009.
[44] B. A. Bassett and R. Hlozek, “Baryon Acoustic Os-
cillations,” 2009.
[45] R. R. Caldwell and E. V. Linder, “The Limits of
quintessence,” Phys. Rev. Lett., vol. 95, p. 141301,
2005.
[46] E. V. Linder, “The Dynamics of Quintessence,
The Quintessence of Dynamics,” Gen. Rel. Grav.,
vol. 40, pp. 329–356, 2008.
[47] D. Huterer and H. V. Peiris, “Dynamical behavior
of generic quintessence potentials: Constraints on
key dark energy observables,” Phys. Rev., vol. D75,
p. 083503, 2007.
[48] E. V. Linder, “The paths of quintessence,” Phys.
Rev., vol. D73, p. 063010, 2006.
[49] A. De la Macorra and M. Jaber, “Dark energy per-
turbations,” in prep.
